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ABSTRACT A_\

The surface of neutron stars, if visible at all, will have

=7
a temperature of around 1O¥ °K, Most of the radiation from such stars

will be .o the far ultra violet or the near x-ray band and will not

penetrate thro

+- iR
our at

2 mosphere. Hence, for the detection of such

cth
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stars, an orbiting télescope working in the near x-ray band will Dbe

most useful.
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Some recent rocketbound X-ray experiments indicated the
existence of discrete X-ray sources in the 3A - 104 wavelength
region(l)(z). The measured flux being 1.4 x 10_8 ergs—sec'lA'l
at 5A at a source near Scorpius and 2 x 1072 ergs/cm?A~1l for a
source near the Crab Nebula (the remnant of Supernova 1054 A.D.)
with a nearly flat spectrum from 1.54 to 8A, and an angular
size < 5°. Detailed spectrum, angulir size, shape, and precise
locations of the X~-ray sources are not yet available.

It was suggested that neutron stars (stars of density

15

~10 g/cm3, thought to be remnants of supernova) are X-ray

o)
emitters in the 10A region, with a total radiative power of

37 . 3 (3) .
around 10 ergs/sec, and will last ~10~ years . Indeed, if

one of the X-ray sources 1s associated with the Crab Nebula

3

(distance: 4 x 10~ light years) the estimated radiative power

37
is also around 10 ergs/sec(4). The very high density of
neutron stars (~nuclear density), and the very high spatial

curvature surrounding them, make them extremely interesting

objects. The theoretical importance of whether or not neutron

(3)
stars are observable has been discussed in a separate paper

In this paper we discuss some properties of the surface pertaining

to future experiments.

The internal structure of neutron stars has been widel:s

studied(s). The general results (independent of the detailed




form of any covariant equation of state) are: The mass is in
between 0.2 Mg to around 1.3 MO (Mo = solar mass = 2x1033 g);
neutron stars with mass outside the above range cannot exist.
The radius is around 10° cm. Hyperons as well as neutrons may
exist if the density is greater than 1015 g/cm3. Since neutron
matter is unstable against beta decay when the density is below
1012 g/cm3, the outer shell of a neutron star must be composed
of ordinary matter. Most likely, elements are in an equilibrium
state; at p < 107 g/cm3, Fe>® is mostly abundant. However, other
elements may exist, and their presence may give clues to the history
formation of neutron stars.

We now estimate the energy content, the internal temperature,
and the surface properties of neutron stars.

(i) Internal Energy(6)

There are no anergy sources inside a neutron star: the
radiated energy comes from the remaining thermal energy of the

degenerate neutron gas. In stable and realistic star models, the
Fermi momentum pp has a value in between 0.1 Mjc to 0.5 Mpc (My

is the neutron mass). .Using a typical value 0.3 Mjc for pr, the
7 o/
internal energy-Ei of a neutron star is roughly T
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where T, = T/10" and M_ = M/107. B |
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(ii) Neutrino Production and Internal Temperature

The plasma neutrino process is the most important neutrino

process(7). From the equilibrium.electron density in a typical
_ 33 3 : = 6 ]
neutron star (M = 10 g/cm”, radius R = 10° cm, mean density

p = 1014

g/cm3) an average neutrino emission rate can be estimated;
the results are listed in Table I. The life time against neutrino
emission decreases sharply witn increasing temperature, and that
against optical radiation decreases with decreasing temperature.

A maximum time scale (~lO3 years) exists at T ~ 109 °k. This

we take to be the typical time scale for surface emission from

neutron stars,

(iii) Surface Composition and Structure

Matter at p < 1012 g/cmd is composed of beta-stable nuclei
and degenerate electrons. At a lower density (~106 g/cm3)
electrons will be non-degenerate. While the density drops sharply
from neutron matter to the non-degenerate layer because the thermal
conductivity of degenerate electrons (and neutrons) is very high
compared to that of the non-degenerate layer, the temperature is
nearly constant throughout the neutron star and drops sharply only
in the non-degenerate layer. In this respect, the surface of
neutron stars resembles that for white ..varf stars. Also in the

2

surface, the relativity parameter GM/Rc” ~ 0.1 (R is the radius

of the neutron star, G the constant of gravitatic., ; non-relativistic




theory may be used.

T~ e o L W ——

(8)

Using the same technique as used in solving

white dwarf stars . for the degenerate layer one obtains p as

a function of r:

My 3 3/2 M. -3/2
33v1 _ 1 -3 3377
1 (22 - 0 - 073 1337
o = 4x10% (R AZ L(S )+ 7.4x10 R
g - 6 = — ‘ 12 3
where £ = r/R, Rg = R/10° cm. For M33 =Rg =1, and ? = 10 g/ecm”,
we find 1 - £ = 0.1 and the mass contained in the degenerate layer

amounts to only 1073 of that of the star.

In the non-degenerate layer, two physical processes contribute

to the opacity of matter to radiation: Compton scattering and

photo-ionization of K shell electrons of Fe®®, The cross-section

of Compton scattering at T = 102 ©K is still quite close to its

2
: 2 -
non-relativistic value (= %;<;§§> = 6.7x10 25 cm2). The cross
c

section for the photo-ionization process has a v=3 dependence

(v is the fregquency of the photon).

7 o

At T > 5x10 K, there are

very few bound electrons, and only Compton scattering need be

7 o

considered. At T < 5x10 K, the opacity is precominantly due to

photo-ionization process (bound-free process).

We may define the beginning of the non-degenerate layer by

using one of the following three criteria:

gas

k 1

(i) when the perfect

~<essure (P == = PT) is equal to that for a degenerate gzs

mp “e

9 o

(Eg. (4)), this gives p ~ 10° g/cm® at T = 10° °K. (ii) When

RE]

thermal conductivity of electron gas

(

9)

is the same as that



due to Compton scatter%ng. This gives P %ISXlO5 g/cm3, These two
criteria give the same value of P to within a facﬁor of 2. If the
internal temperature T is greater than 5x108 ©K, the temperature
drops to within 50% of the surface temperature before photo-ioni-

zation process becomes important. The opacity #* for Compton

1

scattering is independent of temperature and density [(#P) = is
the mean free path of photons]. The radiative transfer problem
. (10) s .
becomes analytically solvable . The soiution is
4TcGM adem 1.92 *648 3
p = — emw T3 = == ’{ = M33T {3)
"L 3k (L/Le) (*/0.2)
11 11 1
T=_P.._m“eG/——§>=5.4xlO (M343/Rg) (= - 1
3% AT 33/Rg) (7 - 1) (4)

where L is the total energy flux, k is the Boltzmann constant, a

the Stefan-Boltzmann constant, Lg 33

solar energy flux = 2 x 10
ergs. For the Compton process, * = 0.2. Knowing T and P at the
beginning of the non-degenerate layer, one can f£it Eg. (3) to the

interior solution of Eqg. (2) using L as the fitting parameter.

S o

At T = 10 K, the density that separates the degenerate and

3

non-degenerate layer has a value lO6 g/cm”. From Eg. (3) we find

L = 2x103L®. This value of L may be further checked by noticing

that

L:_a.ET4

4
2 4TTR2/nS = 7x1044 (T9 /ns) ergs/sec
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where ng is the total number of scatterings an average photon

suffers before leaving the star, and T is che internal temperacure
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be found in reference (3).

o]
0

is given by

ng =_IKPdr (6)
The integration terminates at roughly the surface temperature of
the star. Using Eg. (3), (4) and a more precise value of # from
a detaiied Los Alamos calculation(ll), one finds ng = 1.8 x 108,
of which around 10% is contributed by photo-ionization prc: :3s
From Eq. (5) we find L ~ 103 Lo, which is only a factor of 2
different from the value we obtained from fitting boundary
conditions. As a final check, at a surface temperatur. of
107 ©°K, the integrated central temperature is around 0.6x10° °x,
close to the value of lO9 °k that wa assumed.
Table I lists the photon luminosity as a function of the

central temperature, surface temperature, and T = T/(dT/4dt)

(lifetime) .

8 OK, the

As the internal temperature drops to below 10
spectrum of surface emission shifts to ultraviolet region for

which interstellar absorption is large, and the chance for

observation is small.
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TSSION CHARACTERISTICS

(12) (13)

Int<rnal %Omﬁ.m,z,,, lt!.t...ﬂOlWCD;ﬁ!f Sur face HL.H,HHE@I, 1fetime Wave 1. ._.A.rl....muMJ.
T-mp ~rature| Thermal Tum’ nosity Temperature | (photon) (neutrino) | Maximum i 1,
oK Energy! = )| er /rec | °K. years . years _ | Spec’ um (%)
5x102 1048 5x1037 1.7x107 7x103 1 19
4 3
2x10° 1.6x1078 2x1037 1.3x10”7 3%10 10 2.5
102 4x10%7 8x1036 1.1x10’ 1.7x10° 10 3
|
5x108 1047 2.8x1030 0.8x107 103 >>103 2.1 |
Model Mass = Howw g; Radins = Hom cm.,




(iv) Spectrum of Surface Emission of Neutron Stars

Although the energy output of a neutron star is high, only

a small fraction of it (~10“3)

(14)

our atmosphere , and most of the emission will be in the X-ray

will be able to penetrate through

region. The mean surface density is around 0.1 g/cm3

. With a

value of * = 2.6 at T = 10/ °K (photo-ionization process) most of

the emission will come from a layer of thickness around 4 cm

(~ the mean free path of photons). The spectrum wi’l show

absorption lines or discontinuities at the ionization energy of

K or L electrons, with a Doppler width of around lO'%K. Frowm the

location and magnitude of more than one of these discontinuities

(or lines) one can determine the red shift and the conposition.
The red shift is of the order of &4 (~0.1) and is quite

Rc2
large compared with the Doppler shift caused by the mocion of

heavenly bodies (% ~ 10-4) . The red shift is proportional to

°

M/R. On the other hand, if we can obtain a good, relianle

equation of state from elementary particle theory, we can «..ain
a theoretical M-R relation. Combining this result with the red
shift measurement, the mass of neutron stars can be determined.
The surface temperature and the measured flux on earth, combining
with an information on R, will give us a distance, which can be
checked against known distances of supernova remnants, if anv.
Presently, the measurable flux in rocket technique Is ¢ otet

10‘8 _;gs/sec-cmZ. This means that reutron stars at a few thou .and



light years can now be detected. 1In the future, when space
observatories are available, it is not beyond the present tech-
nology to detect all neutron stars (age ~ 1000 years) in our
galaxy. Since at 102 wavelength, intersteliar absorption is

negligible, one can even detect those behind dust clouds. Super-
nova explosions obscured by dust clouds may now be observable in
the X-ray band, since during the first year of the formation of
neutron stars, they have an X-ray luminosity equivalent to 1 “ e
(Table I).

Moreover, because the life time of neutron stars . gainst
optical radiation is short, one can observe’anhual declines -n the
energy flux as well as a decrease in temperature. One can get
great sensitivity by observing the tail of the Planck distribution
(say, observe 10 kev photons for 1 kev surface temperature.)

The rate of occurence of supernovae is around one per 50 — 300
years. Hence the maximum number of experimentally observed neu* _.a
stars X-ray sources anticipated cannot exceed, say, 50. At present,
only three discrete sources have been resolved(l)(2).

I would like to thank Dr. A.G.W. Cameron, Dr. Donald Morton,

and Professor E. E. Salpeter for discussions, and Miss Jane Keston

for help in numerical integrations.
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